The NASA/NOAA Visible Infrared Imager Radiometer Suite (VIIRS) instrument on-board the Suomi National Polar-orbiting Partnership satellite was launched in October 2011. Assessment of VIIRS' geometric performance includes measurements of the sensor's spatial response, band-to-band co-registration (BBR), and geolocation accuracy and precision.
INTRODUCTION
The NASA/NOAA Visible Infrared Imager Radiometer Suite (VIIRS) sensor was launched October 18, 2011 on the Suomi National Polar-orbiting Partnership (SNPP) satellite in an afternoon orbit. Its observations will continue longterm measurements of geophysical variables, used by the earth science research community for climate research from NASA's Earth Observing System (EOS) Moderate Resolution Imaging Spectroradiometer (MODIS) and other heritage sensors [1, 2] . VIIRS is also meant to continue the polar satellite data stream for the operational community's use in weather forecasting and disaster relief and other applications. Copies of this instrument will be on the follow-on NOAA Joint Polar Satellite System (JPSS) satellites in the afternoon orbits and the U.S. Department of Defense (DoD) Defense Weather Satellite System (DWSS) in the morning orbits. This paper describes the geometric performance of the VIIRS instrument in early on-orbit checkout and initial intensive calibration and validation (ICV) campaigns. These campaigns are important in establishing reliable and accurate geolocated and calibrated sensor data records (SDRs) for retrieving accurate geophysical variables for both the long-term monitoring and operational communities. Some general and VIIRS-specific geometric features are described below.
*gary.lin@nasa.gov; glin@innovim.com; phone 301-614-5451; fax 301-614-5269; innovim.com The VIIRS instrument draws from heritage moderate resolution instrument designs with a few improvements, some of which are described here from the geometric perspective. As illustrated in Figure 1 , the instrument scans the earth in a cross-track direction by a rotating telescope assembly (RTA). The incoming rays go through four mirrors and are redirected to a fixed fold mirror and then to a fixed aft-optics assembly (AOA) by a half angle mirror (HAM) that effectively de-rotates the rays from the RTA. Detectors in the AOA sense the incoming light in 22 spectral bands located on three focal plane assemblies (FPAs) (c.f. Fig. 8 in Sec. 4): 1) ten spectral bands on a visible and near infrared (VisNIR) FPA, 2) eight bands on a short-and mid-wave infrared (SWMWIR) FPA and 3) four spectral bands on a longwave infrared (LWIR) FPA. In total, there are 16 moderate resolution bands (M-bands), five imagery resolution bands (I-bands) and a day-night band (DNB). Each M-band has 16 detectors and each I-band has 32 detectors. These detectors are rectangular with the smaller dimension in the along scan direction. An along-scan aggregation scheme is employed to limit the growth of pixels in the scan direction in a factor of about two (instead of about 6 if un-aggregated throughout the scan). In the nadir region of the scan, three samples are aggregated in the scan direction by one detector in the track direction (called 3x1 aggregation). This is reduced to 2x1 aggregation in the middle of the scan and 1x1 (no aggregation) at the edge of the scan. This aggregation scheme is applied on the spacecraft for single gain bands. For dual gain bands (M1 through M5, M7 and M13), aggregation is performed on the ground, leaving un-aggregated SDRs as intermediate products in finer horizontal sampling intervals (HSIs) as shown in parentheses in Table 1 . Also, a bow-tie deletion scheme is applied on the spacecraft to trim one (two) and two (four) M (I) band detectors at the scan edges in the 2x1 and 1x1 aggregation zones, respectively, as shown in Figure 2 for a half-swath M-band image. These two geometric features are unique compared to legacy instruments such as the Advanced Very High Resolution Radiometer (AVHRR) and MODIS. On-board sample deletion deletes 2 M-band (4 I-band) detectors in the 2 sample aggregation zone and 4 M-band (8 I-band) detectors in the no-aggregation zone Figure 2 . Bow-tie deletion for M-band image for half of a scan (the other half is symmetric). The white areas overlap from one scan to the next; the orange/purple colored areas denote bow-tie deletion.
SPACECRAFT EPHEMERIS AND ATTITUDE
The spacecraft ephemeris and attitude provide a basis for the VIIRS line-of-sight pointing and geolocation calculations. Its ephemeris provides position (geodetic latitude and longitude on the ground), altitude (above the earth's surface) and velocity. The attitude provides roll, pitch and yaw of the spacecraft, using geodetic pointing as reference. After the SNPP satellite was launched on October 28, 2011, it went through a brief period of early orbit checkout (EOC) of the spacecraft and instruments.
The altitude of the orbit was raised a few times and the last one was on November 16, 2011, when the nominal orbit was attained. Figure 3 As part of the calibration process for the attitude determination and control system (ADCS or ACS), the reference frame for the star trackers was updated on November 17, 2011. The remaining attitude variations are small ( Figure 5 ), although there are slow periodical variations with an amplitude of about 15 arcsec orbital oscillation in roll and yaw, and about 3 arcsec in pitch oscillation every half orbit. These variations are tracked in the ground geolocation software. These patterns are generally smooth and consistently similar to Figure 5 . However, there are occasional perturbations and sporadic, relatively high frequency oscillations in attitude, which are described in Section 7. 
VIIRS SCANNING TELESCOPE AND HALF ANGLE MIRROR
The VIIRS instrument uses a scan control electronic assembly (SCE) to control the rotating telescope assembly (RTA) and half angle mirror (HAM) motors through encoders. The SCE maintains fairly constant speeds of the RTA at 3.531 rad/sec and HAM at 1.766 rad/sec. Some non-linearity exists, as shown in Figure 6 , which is tracked and removed in the ground geolocation software. The SCE also synchronizes the relative position of the RTA and HAM so that when the RTA views various sectors the incoming rays are directed to the detectors within the AOA in an appropriate time for digitization, storage and transmission to the ground. When the RTA and HAM are synchronized, the variation in the start of scan in one scan to the next in the Earth View sector is small. Figure 7 shows an example of angle variation at the start of scan around -56.346 degrees, which is used in the ground software for proper geolocation. However, if the motions of RTA and HAM are not in sync, the variations become large and this results in improper geolocation. For VIIRS, this synchronization loss is very rare, but it does occur and is further discussed in Section 7. 
VIIRS SPATIAL RESPONSES AND BAND-TO-BAND CO-REGISTRATION
VIIRS has a total of 432 M and I-band detectors in 21 spectral bands, 160 detectors in five 375-m I-bands and 272 detectors in 16 750-m M-bands nadir ground sample spacing, including two time delay integrated M16A and M16B bands aggregated on the spacecraft and transmitted to the ground as band M16. There are also numerous charge-coupled devices (CCDs) used to form 16 constant resolution detectors in the 750-m DNB band. The layout of the spectral bands is shown in Figure 8 .
Geolocation accuracy depends on the quality of the mathematical model of the instrument geometric characteristics such as sensor spatial response and band-to-band-co-registration described in this section, as well as the scan encoder data, orbit ephemeris and attitude data, and the Earth model including terrain. 
Sensor (Detector) Spatial Responses
VIIRS M-and I-bands detectors are rectangular in shape. Their dimensions have an aspect ratio of about 1:3 with the shorter side in the along scan direction. This design comes with a new aggregation approach to maintain constancy in the along-scan spatial resolution throughout the scan as described in Section 1 and shown in Table 1 . In the nadir portion of the scan, 3-samples are combined on-board to produce a single aggregated value. In the zones near the ends of scan, the samples are not aggregated and 2-sample aggregation is performed in the zones in between.
The sensor's spatial response is represented by its impulse point spread function (PSF). Since the VIIRS detectors are rectangular in shape, including aggregation, the PSF is conveniently decomposed into and measured by line spread functions (LSFs) in the scan and track directions. The projection of the PSF full-width at half maximum (FWHM) on the ground is approximately square both at nadir and at the end of scan, the length of which represents the footprint, and is about the size of sampling intervals in the scan and track directions. The sampling intervals grow about two times in both along-scan and along-track directions from the nadir to the end of scan at 56.3° (Table 1 ). The LSF is evenly distributed in the track direction. However, in the along-scan direction, it changes from about triangular to trapezoidal shape. Figure 9 shows results of line spread functions measured from ground testing at nominal performance plateau under thermal vacuum (TVac) conditions, along with the triangular and trapezoidal approximations. These approximations are used as the ideal PSFs in the control point matching (CPM) program, see Section 5. Details of Line Spread Function (LSF) measurements in ground tests can be found in [3, 4] .
VIIRS on-orbit spatial response is expected to be similar to the measurements from the ground testing as the MODIS has shown us with its onboard spectro-radiometric calibration assembly (SRCA) [5, 6] . A preliminary analysis of on-orbit verification of spatial performance for band I2 using the ground target of the Pontchartrain Causeway is shown in Figure  10 . Further verification work using lunar data and other ground targets is on-going. 
Band-to-Band co-Registration
Before launch, the TVac and ambient ground characterization showed that the VIIRS on-orbit BBR was expected to be good [3] . In the initial on-orbit ICV campaign, the moon was used for BBR verification of the reflective solar bands that are not saturated by the lunar radiance. The lunar BBR results are satisfactory and are close to the pre-launch measurements as shown in Figure 11 . The verification of the lunar-saturated bands is on-going.
In the scan direction, VIIRS nests two I-samples into one M-sample in the scan direction (the center of the M-sample is halfway between the centers of the two I-samples). In the track direction, VIIRS nests samples from two I-band detectors into one sample from one M-band detector. VIIRS BBR requirement specifies footprint overlap of band pairs to a certain percentage [3] . Detailed verification of VIIRS BBR for the S/MWIR and LWIR bands that are saturated by the moon is on-going. M1  M2  M4  M3  I1  I2  M7  M5  M6  M13  M12  I4  I3  M10  M11  M8  M9  I5  M16AB  M15 
GEOLOCATION ERROR CORRECTION
A control point matching (CPM) program has been used for more than ten years to successfully characterize and correct MODIS geolocation errors [1, 7, 8, 9] . The program has been adapted for VIIRS to accommodate the unique features of sample aggregation and bow-tie deletion schemes as described in Sections 1 and 4.1. The CPM program uses a library of over 1200 globally distributed ground control point (GCP) chips of Landsat red band 30 m resolution 800 by 800-pixel clear sub-scenes. These chips are used to simulate images of VIIRS band I1 375 m nadir resolution with their corresponding projection of ideal LSFs in triangular or trapezoidal (see Figure 9 ) shape in the scan direction and square shape in the track direction. The simulated images are then correlated with VIIRS images. The shift in a VIIRS simulated image location at the maximum cross-correlation with the control point is the control point residual. These residuals are analyzed for corrections of various sensor parameters stored in the geolocation algorithm lookup table (LUT). Because the CPM program only co-registers the VIIRS I1 to the Landsat red band, the geolocation of all other bands are tied to I1 through BBR (Sec. 4.2). Because the ground sample distance varies over the scan the geolocation accuracy is reported in nadir equivalent units.
In the first 3 weeks after launch, the NPP spacecraft and instruments went through early orbit checkout (EOC). The last orbit raise was performed on November 16, 2011. The on-board ADCS was calibrated and tuned on November 17, 2011 (see Figure 5 in Section 2). The VIIRS nadir door was opened on November 21, 2011, making the VIS and NIR bands available for geolocation accuracy assessment. The cryo-radiator door was opened on January 18, 2012, to cool down the cold FPAs.
We began by analyzing the VIIRS data collected on December 13, 2011 using the CPM program. Based on the residuals from this day, new geolocation Lookup Tables (LUTs) were generated that corrected the instrument to spacecraft alignment matrix, which removed geolocation biases in the nadir equivalent units of -775 m in the track direction and 1,118 m in the scan direction. The updated geolocation parameter LUTs were put in operation on February 23, 2012. (A similar process was performed by a Northrop Grumman team to update DNB geolocation parameter LUT on March 30, 2012 that further removed 1.3 km nadir equivalent bias in the scan direction for DNB geolocation.) Figure 12 illustrates a process checking the first VIIRS on-orbit geolocation error correction via LUT update using a Landsat Thematic Mapper (TM) scene. In order to see how closely the corrected geolocation is to the observed location on the ground, a program was developed to simulate the VIIRS radiance from the TM scene by applying the first-order VIIRS LSF to a TM scene based on the VIIRS geolocation. To compare with a real VIIRS image, the I1 band image is used. A selected area over Sudan is shown in Figure 12a (the image is flipped so that the top of the image is south). A target point in the center of the circular feature was selected for this example, and the location (sample, line) of the pixel was extracted. Figure 12b shows that before geolocation parameter LUT update the simulated image shows that the target point is not in the center of the circular feature. Figure 12c shows that after LUT was updated, the target point in the simulated image is located close to the center of circular feature, as it is in the real image in Figure 12a . This illustrates how the updated geolocation points to the true VIIRS' pointing. By comparing between the close-up images in Figure 12 a) and c) , any remaining shift can be seen. 
TRENDS IN GEOLOCATION ACCURACY
The CPM program is run at the NASA SNPP Science Data Segment (SDS) Land Product Evaluation and Testing Element (PEATE). As of July 10, 2012, we have 137 days of CPM residual data obtained after the LUT change was made. The results of daily averages and standard deviations are shown in Figure 13 based on a CPM step size of 0.05 I1 sampling intervals. Table 2 shows the biases and root mean square errors (RMSE) in nadir equivalent units and as a percent of the sample size (375 m for VIIRS and 250 m for MODIS). Data from the recent MODIS Aqua Collection 6 (C6) reprocessing is shown in the table for comparison. These initial results for VIIRS accuracy and precision are good and are expected to improve as further geometric parameter updates are made.
The initial geolocation error corrections took out large roll and pitch biases and a small yaw bias in the rotation angles between the instrument and the spacecraft (likely caused by a launch shift). As the data accumulates, other contributions to the geolocation errors may be identified. Figure 14 shows geolocation errors with respect to scan angle. The fit uses second order polynomial. In the track direction, the error is mainly caused by a remaining pitch error with a smaller yaw error, as shown in Figure 13 left panel as well. In the scan direction, there appears to be a small residual of scan speed non-linearity ( Figure 6 ) that has not been accounted for. 
VIIIRS GEOMETRY NOTES
There are several events affecting the VIIRS geometric quality. These include occasional attitude spikes, scan synchronization losses, lunar maneuvers and sector rotations. In addition, recently higher quality digital elevation model (DEM) and land/water masks have been adopted by MODIS and should be used for VIIRS. Finally, the DNB geolocation is currently not available in a terrain corrected form.
High frequency attitude spikes have been observed in the VIIRS attitude data. The magnitude of these spikes is small (~10 arcsec peak-to-peak or ~ +/-20 m at nadir) and only appear about once per orbit for a short time (~2 minutes). It is not possible to capture the full form of these oscillations because the on-board attitude is only sampled and transmitted to the ground once per second. No visible geometric anomalies have been observed during these events, but we plan further analysis to better understand any impact on the VIIRS geometry.
About once per month a major synchronization loss between the RTA and HAM occurs. These anomalies may last up to 100 seconds before the synchronization is restored. During this time, the VIIRS geolocation data is invalid and should not be used. The calibrated radiances from the instrument are also likely to be invalid because the on-board calibration sources are not sampled correctly. We are working to be sure that during these anomalies, the geolocation data is set to the appropriate fill values. We are also working to determine if going to the backup SCE reduces these anomalies.
Spacecraft maneuvers occur about once per month. These are primarily roll maneuvers for lunar calibration (~monthly) but also include less frequent drag-makeup (~1-2 per year), inclination (~every two years), pitch and yaw maneuvers (~once or twice per mission lifetime). During the maneuver and for a period of time after the maneuvers (~1 orbit), the geolocation will not be as accurate because a coarse pointing is used during the maneuvers and a period of time after the maneuvers is needed to return to accurate pointing knowledge. A maneuver flag is set in the geolocation product but this may not cover the entire time period when the pointing knowledge is low.
Sector rotations are performed for lunar calibration. A sector rotation occurs when the instrument operators command the normally nadir portion of the scan to point to a different location (e.g. the moon). These rotations normally happen during lunar maneuvers and so are mostly masked by the maneuvers. However, about once a year, the sector rotations may happen without a maneuver because the moon is visible in the VIIRS space-view port without rolling the spacecraft. We are working to clearly mark these sector rotations so that data during the events is not used in downstream production so that users are aware when they occur.
The MODIS Science Team recently adopted a higher quality DEM and land/water mask [10, 11] that are being used in the latest Collection 6 reprocessing. We have advocated that these ancillary data products be used in the production of the operational VIIRS data products.
The current operational VIIRS production system produces ellipsoid and terrain corrected geolocation for the M and I bands, but only produces ellipsoid geolocation for the DNB. Since one of the primary applications of the DNB is to study urban areas at night, terrain corrected DNB geolocation is needed to enable users to easily locate high-elevation city lights (e.g. Denver) from off-nadir viewing angles. We are working to implement the same terrain correction algorithm for the DNB that is currently used for the other bands.
CONCLUDING REMARKS
The post-launch analysis of the VIIRS geometric performance is well underway. Overall, the geometric performance in spatial responses, BBR and geolocation accuracy and precision are very good. Work is on-going to complete on-orbit measurements of the BBR for the S/MWIR and LWIR bands that are saturated by the moon. Also, the LSF measurements using ground targets are difficult and so the results are preliminary, but do not disagree with the prelaunch measurements. We have started working on another method of computing the instrument LSF that uses lunar calibration images. The geolocation accuracy and precision are comparable with those of MODIS [12] , and will be further refined and monitored using our global set of ground control points to account for any seasonal variation and long-term trends in VIIRS' geometric parameters. Overall, the VIIRS' on-orbit geometric performance is good and matches the pre-launch performance, and so is expected to meet the needs of both the long-term monitoring and operational communities.
